The supercontinum generation has been achieved mainly by two different approaches, namely, with femtosecond intense pulses or using a continuous wave laser or larger pulses centered on the anomalous dispersion region. In order to improve temporal coherence, it has been suggested the introduction of a pulse seed or the propagation of both a large pulse pump and a small weaker continuous wave to control the soliton fission. Here we propose supercontinuum generation using a hybrid input, we pump with a continuous laser and copropagate a picosecond signal. We compare the bandwidth of the supercontinuum using only the continuous pump or the hybrid setup. Simulations of the generalized Schrodinger equation, using an adequate input-noise model to reproduce the spectrum of the continuous signal, are performed in order to investigate the supercontinuum generation in the optical communication window under different dispersion regimes.
INTRODUCTION
The phenomenon of supercontinuum (SC) generation is characterized by a dramatic spectral broadening of a light signal during its propagation on a nonlinear medium. The research on SC generation in optical fibers still attracts much attention from fundamental and applied viewpoints.
1, 2 The ultrawideband spectrum generated by the SC has been successfully utilized in several applications, such as optical frequency metrology, 3 generation of ultrashort optical pulses, 1 photonic time stretch analog-to-digital conversion, 4 spectroscopy 5 and optical coherence tomography. 6 The SC generation was obtained from ultrashort pulses in the femtosecond regime, long pulses that are typically in the picosecond regime or even continuous wave (CW) signals. In the femtosecond regime, the pulses are usually launched in the anomalous region of dispersion and the SC is generated by self-phase modulation (SPM), fission of higher-order solitons followed by soliton self-frequency shift, and amplification of dispersive waves . 7, 8 In the CW regime and anomalous group velocity dispersion (GVD), the first stages of spectral broadening are achieved by modulational instability (MI) that is equivalent to a noise-induced four wave mixing (FWM). The MI is responsible for the break up of the CW into solitons and from that stage the mechanisms are identical to the ones as in femtosecond pumping. [9] [10] [11] In both the anomalous and normal GVD, the CW signals may develop a Stokes spectral band caused by stimulated Raman scattering (SRS). Only a few kind of pulsed lasers are able to generate several Watt of average output powers. On the other hand, modern CW lasers such as cascaded Raman fiber lasers can generate signals with several Watt and can be easily fabricated. The CW lasers do not benefit from the high peak-to-average power ratio of pulsed lasers, thereby longer interaction lengths are required to produce SC, even when highly nonlinear fibers are used. 13 In the ultrashort pulsed case, a few meters is usually sufficient 7 and the produced SC is much wider and much more coherent than in the CW pumping schemes. However, for similar spectral widths, CW SC have a higher average power and exhibit a higher power spectral density than pulsed SC.
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Recently, Solli et al. 14 demonstrate that the SC obtained from long pulses may benefit from the introduction of a second signal that works like a seed for modulational instability. They showed that the advantages are on higher average output power for pump powers nearby the SC threshold but, especially, in temporal coherence of the resulting SC.
In this work, we propose a similar approach as in, 14 launching a Raman fiber laser CW signal and a picosecond train of pulses. We present experimental results using a highly nonlinear fiber for which the Raman laser is in the normal GVD region. Furthermore, we simulate the propagation of the same laser signals (CW and picosecond) in other kind of dispersion regimes in order to find the optimal fiber characteristics to produce SC with these sources. This paper is organized in four sections. In section 2 we present the experimental setup and results using a single CW pump configuration and a hybrid regime of CW plus picosecond pumping. In section 3, we present the propagation equation, numerical methods and simulation results corresponding to the experimental results but also for the same pumps and other kind of fibers. Finally, we conclude in section 4.
EXPERIMENTAL STUDY

Experimental Setup
The experimental setup used to generated SC in a new hybrid regime is schematically shown in Fig. 1 . In this experimental setup a continuous signal from a Raman fiber laser (IPG, model RLR-10-1480) emitting at 1480 nm, with a depolarized single mode output and a maximum optical power of 10 W is coupled to another optical signal from a ultrafast laser source (Ultrafast Optical clock -Pritel), tunable between 1530 and 1570 nm, internally modulated to produce optical pulses with a width at half maximum of approximately 1 ps and repetition rate of 40 GHz. The width of the pulsed signal is adjusted using a oscilloscope (Picosolve), and the input spectrum is monitored by an optical spectrum analyzer (OSA). The two optical signals are launched into 800 m of highly non-linear fiber (HNLF) whose zero dispersion wavelength (ZDW) is at 1531 nm, with a dispersion slope of 0.001818 ps km −1 nm −2 , non-linear coefficient γ =10.5 W −1 km −1 and an attenuation of α dB =2.8 dB/km. The zero-dispersion wavelength, the dispersion slope and the attenuation of the fiber were measured with an Optical Network Analyzer, 86038-90B01, from Agilent. Afterwards, the output spectrum is attenuated 10 dB and measured in an OSA. The spectra of the input signals launched in the HNLF are presented in Fig. 2 . In Fig. 2 (a) we observe one principal peak at 1480 nm but also high noise that is characteristic of the cascade Raman fiber laser. The power spectrum was measured with a wavelength resolution of 0.2 nm. In Fig. 2 (b), we display the pulse signal power spectrum measured with a resolution of 0.008 nm, this shows several secondary peaks inside an envelope that corresponds to the spectrum of each pulse, the secondary peaks are due to the train of pulses launched with a repetition rate of 40 GHz. The resolution of the two spectra is different due to the different wavelength ranges involved in each measurement.
Experimental Results
We have started our experimental tests using only the continuous laser signal at different power levels. The output spectra are presented in Fig. 3 . All the spectra have a hump centered around 1580 nm that is easily recognized as the Stokes shift of the stimulated Raman scattering that, for fused silica, has a maximum at the frequency shift of 13 THz.
The hybrid configuration is then implement and the pulsed signal is coupled with the CW pump and launched in the HNLF. The pulsed signal is launched at 1560 nm with an optical peak power of 658 mW. The maximum of the gain is again found around the Stokes shift, see Fig. 4(a) . However, the width and the gain generated around the Stokes shift in the hybrid regime is larger than in the CW only pump configuration. In another experimental approach the pulsed signal is launched at 1533 nm that is around the ZDW (1531 nm) and a more flat SC is observed (see Fig. 4(b) ). In fact, there is an extra band arround the wavelength of the picosecond signal that is identical to what has been observed earlier 15 and attributed to four-wave mixing (FWM). Thereby, the spectral broadening of the pulsed signal improves the flatness and the width of the generated SC since the maximum gain is also shifted to longer wavelengths by 7 nm.
In Fig. 5 the spectra of the CW pump and hybrid configurations are compared. We observe that, even though the SC generated with the hybrid configuration is slightly improved, it does not reveal significative broadening. Nevertheless, SC improvements will be anticipated in next section by numerical simulations of the propagation of the same signals but using other dispersive characteristics for the fiber. Figure 5 . Superposition of the output spectra for the two configurations, CW pumping and hybrid pumping with the pulsed signal centered on 1530 nm. The CW signal power was 1.4 W.
NUMERICAL SIMULATIONS
Numerical model
In order to simulate the SCG, we have used the generalized Schrödinger equation that takes into account the dispersion up to third order, Kerr effect and Raman scattering, namely
where A is the optical field envelope in units of square root of power, z and t are the propagation distance and a retarded time that propagates at the group velocity, β i (i = 2, 3) are the dispersion parameters given by
where β is propagation constant at the central frequency ω 0 and α is the loss coefficient. R(t) is a response function that contains the instantaneous Kerr effect and the delayed Raman scattering, such that
where f r stands for the relative contribution of the Raman response that was estimated as 0.245 16 and h r is the particular temporal profile of that response given by
that takes into account both the isotropic and anisotropic components of the retarded response of silica. The coefficients are f a = 0.75, f b = 0.21, f c = 0.04, τ 1 = 12 fs, τ 2 = 32 fs and τ b = 96 fs.
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It has been reported that SCG simulations that use long pulses or even continuous signals have good agreement with experimental results only if the noise contained in these laser sources is taken into account. Several attempts to do so have been previously considered, namely, the addition of one photon per mode, 10 the consideration of random spectral phase, 11 or random phase noise. 9 Here we used random spectral amplitude and phase following the approach presented in 17 that may replicate any power spectrum density irrespective of its theoretical or experimental nature. Each simulation has a temporal window of 1.3 ns with 2 18 discrete points. Our estimations of the power spectrum were made using the periodogram smoothed over 8 adjacent discrete frequencies and averaged over 10 different simulations with different random noise.
Numerical results and discussion
We have started by simulating the propagation of the continuous signal only. The results are shown in figure  6 (a) and have a good agreement with the experimental results. Our noise input model was able to reproduce the Raman fiber laser spectrum and the spectral broadening is essentially represented by the Stokes band as in the experimental results of Fig. 3 .
Then, we have simulated the propagation of both the continuous signal and a train of sech pulses with power FWHM equal to 1.2 ps, power peak of 0.658 W and temporally displaced by 25 ps. The results for an average power of 1 W for the continuous signal and the pulsed signal centered at different wavelengths are shown in Fig. 6(b) . These results are not in very good agreement with the experimental results of Fig. 4 , especially, the numerical simulations are not able to reproduce the spectral characteristics around 1530 nm visible in the experimental results of Fig. 4(b) and that may be attributed to the spectral broadening of the pulsed signal whenever launched in the ZDW. It suggests that further modeling of the pulsed signal will be necessary. We have also simulated this hybrid configuration but for higher input powers of the CW signal and in those conditions the role of the pulsed signal was even less important for the spectral broadening.
Both the experimental and numerical results have not revealed a significative spectral broadening in the conditions that we have at the laboratory, i.e., a continuous signal at the normal GVD region of the fiber and a pulsed signal around the ZDW of the same fiber. Hence, we have changed the dispersion parameters of our simulations in order to situate the 1480 nm at the anomalous GVD region. The better spectral broadening occurred if the ZDW was at 1473 nm. This kind of behaviour was already observed and explained, 1 since the signal is in the anomalous region the modulational instability will create two side bands closer to the main peak, Figure 6 . Output spectra obtained numerically after the propagation on the HNLF of (a) the CW signal with several average powers and (b) the CW signal with average power of 1 W and a train of pulses with FWHM equal to 1.2 ps, temporally displaced by 25 ps and whose spectrum is centered on different wavelengths λs. temporally it corresponds to the emergence of solitons that then suffer from self-frequency shift to red wavelengths and disperse radiation to the blue side of the spectrum. In, 1 they also argument that if the initial signal is far away from the ZDW then the solitons will have higher central wavelengths and the dispersive radiation will not be able to reach as far on the blue side as if the signal is initially closer to the ZDW. Fig. 7 compares the output spectra resulting from the propagation of the continuous signal at normal GVD, in the experimental conditions with ZDW at 1531 nm, and at anomalous GVD with ZDW at 1473 nm, both with the same third order dispersion. Also, the temporal output profile shows a significative more intense pulses than in the case of pumping in the normal GVD which is consistent with our argument that the soliton fission is important in this regime. Note that this process of soliton fission may eventually start to happen from the Stokes band created in conditions of Fig. 6(a) that is located at the anomalous region but only for longer fiber lengths and will generate a worst SC since it is not close to the ZDW for phase-matched FWM effects. We have also tried to enhance SCG using the train of pulses centered at the wavelength of the onset of modulational instability, however, the final spectrum was not broader than the one obtained with the continuous signal only.
The relevance of the train of pulses is clear if, instead of the full Raman fiber laser spectrum, we use only a Gaussian spectrum. In this case, the pulsed signal will be used as preferential seed for the modulational instability bandwidths growth and the resultant spectral broadening is considerably larger than when we have only the continuous signal. Figure 8 shows the evolution of the spectrum with distance for three cases; only Gaussian CW pumping or copropagating one pulse or a train of pulses. It is worthwhile to note that the spectral broadening obtained with the Gaussian plus the train of pulses is comparable to the one obtained with the full spectrum of the Raman fiber laser with the same power. The spectral evolution along distance for this latter case is shown in Fig. 8(d) and the output spectra at 333 m is compared in Fig. 9 . However, we expect that the temporal coherence of the spectrum obtained with the Gaussian and the train of pulses would be better than the other one since the MI that initiate the broadening is, in this case, induced by a coherent train of pulses and not noise-seeded. These coherence tests will be our next task on this project.
CONCLUSIONS
We have launched a CW signal from a Raman fiber laser into a HNLF that presents normal GVD at the central wavelength of the laser and observed a new spectral band situated at the Stokes frequency shift. As the input Raman fiber laser Gaussian Signal and train of pulses Figure 9 . Output spectra obtained numerically after 333 m of propagation of the Gaussian CW signal and a train of pulses as referred in Fig. 8 and the Raman fiber signal with an average power of 2 W. The ZDW is at 1473 nm.
power was increased this band became higher and larger. The introduction of a train of pules around the ZDW of the fiber, that is in between the central wavelength of the Raman laser and the Stokes band, showed the growth of another band around the wavelength of that pulses. However, no other spectral broadening was enhanced with this hybrid configuration. We have also performed numerical simulations that reproduced with good agreement the experimental results for the CW pump only. Further numerical simulations were done in order to know the optimal dispersion characteristics of a fiber that will permit to obtain a good SC with our lasers. The numerical simulations have shown that a larger spectral broadening would be achieved with the CW pump situated on a wavelength that suffers small anomalous dispersion. The evolution of the spectrum along distance revealed that the initial spectral bands are MI gain bands and the temporal output shows evidence of formation of intense solitons. Even in this dispersion regime, the simulations do not give any great advantage to the hybrid regime than an early growth of the MI bands, but the final spectrum is identical. The significance of the train of pulses was obtained whenever a CW signal with a Gaussian spectrum was used. In this case, the pulsed signal works as seed for an earlier MI growth that otherwise only grows for longer fiber distances. Although the spectral broadening of this hybrid configuration of Gaussian CW plus pulsed signal is not significatively better than the one obtained with the Raman fiber laser only, we expect that its SC will present higher temporal coherence which will be tested shortly.
